~," The water-soluble nitrosourea compound ACNU is also lipid-soluble at normal physiological pH levels. It lacks toxic effects on vision that nitrosoureas occasionally produce following intra-arterial administration. In 28 cases of both primary and secondary malignant brain tumors, ACNU was administered at surgery or angiography by three different modes: intravenous injection in Group ! (10 cases), intra-arterial injection via the carotid artery in Group II (11 cases), and intra-arterial injection via the carotid artery after opening the blood-brain barrier (BBB) by means of mannitol in Group III (seven cases). Tumor tissue and blood samples were taken serially at various time intervals after ACNU injection, and ACNU was measured by highperformance liquid chromatography. The time-concentration curve for ACNU was calculated in each case by the two-and one-compartment open models for determination of ACNU levels in blood and tissue, respectively. Pharmacokinetic parameters including biological half-life, blood and tissue levels (0-t minutes and 0-~ minutes), total plasma clearance, and distribution volume of the/3 phase were compared. Statistical analysis of tissue ACNU levels at 0-t minutes revealed higher concentrations in Group III patients than in Groups II and I: levels in Group II were significantly higher than in Group I. Mean biological half-life was 30.3, 23.0, and 38.5 minutes in Groups I, II, and III, respectively. Levels of ACNU were significantly increased in tumor tissue as well as in peritumoral tissue in one Group III patient with multiple metastatic anaplastic adenocarcinoma. In this series, treatment of malignant brain tumor by intra-arterial administration of ACNU produced significantly higher tissue levels of ACNU than did the systemic intravenous route.
N
ITROSOUREAS are most suitable for administration via the carotid artery in the treatment of human malignant brain tumors. They cross the blood-brain barrier (BBB) via the capillaries in a short half-life and do not require enzymatic activation since they are soluble in lipids.
One of the nitrosourea compounds developed in Japan is ACNU (l-(4-amino-2-methyl pyridimine-5-yl)-methyl-3-(2-chloroethyl)-3-nitrosourea hydrochloride), a drug that is soluble in water as well as in lipids, as shown by its low log p (l-octanol/water partition coefficient) of 0.92.14 In Japan, ACNU has been widely used in treating malignant brain tumors. Its clinical effectiveness by intra-arterial and systemic intravenous administration has been described in several reports. 7,14.16,24 One disadvantage 0 f intra-arterially injected nitrosoureas is the occasional toxicity to vision that is probably related to the ethanol solvent. 9 No such toxicity has been reported with water-soluble ACNU. 16 '24 Criticisms concerning chemotherapy of brain tumors have included the difficulty in attaining an effective drug concentration in the areas adjacent to the main tumor.~ A high concentration is desired because of the infiltrative character of most malignant brain tumors and because of the infiltration of malignant cells into areas of normal brain before neovascularization is induced by tumor. Unlike the primary tumor, the permeability characteristics in these regions are determined by normal or nearly normal capillaries. Lipophilic drugs such as BCNU (1,3-bis(2-chloroethyl)-l-nitrosourea) have proven to be more effective than water-soluble drugs with respect to the concentration of drug in the brain adjacent to tumor. 6"~,~2 "23 In one study in which ACNU was injected intraarterially into rat brain tumors, a higher concentration of ACNU was obtained in the tumor tissue than in other parts of the brain) One method of increasing ACNU levels in tumor tissue as well as in the surround- ing tumor-infiltrated brain is to open the BBB with a hyperosmotic agent before intra-arterial drug injection. [19] [20] [21] In this paper we summarize clinical studies that we performed in an attempt to clarify the advantage of intra-arterial over intravenous injection and also the advantage of moderate BBB opening plus intra-arterial injection over intra-arterial injection alone in enhancing the tissue concentration of ACNU.
Clinical Material and Methods

Summary of Cases
Between 1980 and 1985, 28 patients with both primary and secondary malignant brain tumors of various histology were treated with ACNU using varying modes of drug administration. Informed consent was obtained in all cases. The drug was given at the time of operation or angiography.
The patients were divided into three groups: Group I included l0 patients who underwent intravenous injection of ACNU; Group II comprised 11 patients who underwent intra-arterial injection of ACNU by means of an indwelling catheter placed in the internal carotid artery by a cervical or femoral percutaneous Seldinger's technique either at craniotomy or at angiography; and Group Ill included seven patients who underwent intraarterial injection of ACNU after BBB opening using mannitol. The clinical data, including age, sex, tumor location, tumor pathology, and ACNU doses, are summarized in Tables 1 and 2 . At the beginning of this study, ACNU was administered at a dose of 100 or 150 mg/patient and thus the dose/body weight differed with each case. However, the dose used in each case reported here was equivalent to 2 mg/kg. Steroids, anticonvulsant agents,~5'~6 or other drugs used were essentially the same in all three groups.
Method of Injection
The predetermined dose of ACNU was dissolved in 30 ml of sterilized distilled water. In Group I, the ACNU was injected into the right antecubital vein over a 5-minute period either manually or mechanically by a syringe infusion pump,* In Group II, injection was via the internal carotid artery on the side of the tumor over a 5-minute period. In Group III, the drug was injected in the same manner as in Group II but was administered 10 minutes after intra-arterial injection of 200 ml of filtered 20% mannitol. * Syringe infusion pump, Model STC-521, manufactured by Terumo, Japan. 
Measurement of ACNU After Injection
Levels of ACNU in tissue were measured at the first operation to exclude the influence of radiotherapy or other factors and were determined again after tumor pathology was confirmed, by freezing the operative specimens. Blood and tissue specimens were collected at 5, 10, 15, 30, 45, 60, and 90 minutes after ACNU administration. About 2 ml of whole blood was withdrawn from the left antecubital vein with indwelling needles, and at least 500 mg or more of tumor tissue and a sample of surrounding tumor-infiltrated edematous tissue were obtained. The site selected for tumor biopsy was a macroscopically viable part of the tumor, and necrotic portions of the tumor were excluded intentionally.
After brief washing with saline solution to remove blood, followed by simple blotting, the tissues were immediately transferred into a dry-ice chamber and preserved until assay. After measurement of tissue weight, the ACNU was extracted with 1-2-dichloroethane in an ice-cooled shaded atmosphere and measured by high-performance liquid chromatography (HPLC). The lower assay limit was 40 ng/ml in both blood and tissue (accuracy within + 6%). As a tissue control, brain tissue from the crab-eating monkey brain was used. The control used for blood was 1 ml of a standard ACNU solution (2 or 4 mg of standard ACNU dissolved in 25 ml of distilled water). The drug was detected by absorption at 254 nm, and the quantity was estimated from its peak height.
Parameters for ACNU levels in blood and tissue were determined by non-linear regression analysis according Determinations of ACNU concentrations in blood revealed no significant differences in the pharmacokinetic parameters and blood ACNU levels among the three groups. Right: Tissue ACNU levels were significantly different between groups: Group III (IC and mannitol) had higher levels than Groups I (IV) and II (IC only) (p = 0.0022 and 0.0414, respectively). Comparison between Groups II and I showed that Group II had significantly higher tissue levels than Group I (p = 0.0407, determined by the Wilcoxon rank-sum test).
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performed by a one-compartment open model with a first-order transfer rate constant.
In each case, the following pharmacokinetic parameters were calculated (see Table 3 ): biological half-life (t 89 = 0.693//3 or Kel); area under the time-blood or tissue concentration curve from 0 to ~ minutes (AUC~); area under the time-blood or tissue concentration curve from 0 to t minutes (AUCD; elimination rate constant at the terminal phase of the time-blood or tissue concentration curve (Kel or/3); blood or tissue concentrations at t minutes (CD, AUC~ = AUC~ + C~/fl (or Kel), where AUC6 was calculated by the trapezoidal rule from the area under the time-concentration curve); total plasma clearance (CLp, calculated as CLp = dose/AUC~); and distribution volume of the fl phase (Vd), calculated as (Vd = dose/(~ 9 AUC~)).
The results in the three groups were statistically compared using the Wilcoxon rank-sum test. Table 1 shows ACNU levels in blood measured at various times after the administration of the drug at a predetermined dose in seven cases in Group I, five cases in Group II, and five cases in Group III. Figure 1 left demonstrates the mean ACNU levels in blood in graph form. The parameters of the blood level calculated in each case were t~, clearance, Vd area, AUC[, and AUC~ (Table 3) .
Results
ACNU Levels in Blood
There were no significant differences in pharmacokinetic parameters and blood ACNU levels among the three groups.
A CNU Levels in Brain-Tumor Tissue
Levels of ACNU in tumor tissue were determined at various times after injection in eight Group I cases, six Group II cases, and five Group III cases (Table 2) by administering ACNU at prescribed doses during operation. The calculated AUC~ values of tissue ACNU are also shown in Table 2 .
Statistical analysis performed using these AUC~ values demonstrated significantly different tissue levels of ACNU among the three groups. Group III had higher tissue concentrations of ACNU than either Group I (p = 0.0022) or Group II (p = 0.0414). Levels in Group II were significantly higher than those in Group I (p = 0.0407), as determined by the Wilcoxon ranksum test.
Mean ACNU tissue levels over time in each group were pharmacokinetically analyzed, and the curves generated are shown as in Fig. 1 right based on the pharmacokinetic parameters obtained. Also, the mean biological half-life of ACNU in tissue in Groups I, II, and III was calculated to be 30.3, 23.0, and 38.5 minutes, respectively. These comparisons indicate that intraarterial injection results in a higher ACNU level in tumor tissue than does intravenous injection, and intraarterial injection with BBB opening gives a higher ACNU level in tumor tissue than does intra-arterial injection only. There were no significant differences in blood ACNU levels and pharmacokinetic parameters among the three groups.
The following two illustrative cases show the increase of ACNU concentrations in tumor tissue as well as in peritumoral tissue after BBB opening. 
Illustrative Cases
The patient in the first case (Case 22, Group III) was a 37-year-old man who was admitted because of right frontal multiple metastatic anaplastic adenocarcinorna from the lung. He underwent a right frontal lobectomy with intra-arterial administration of 3 mg/kg ACNU after BBB opening. During the operation, metastatic tumor tissue (Fig. 2 left) and surrounding edematous tissue were obtained to determine the concentration of ACNU in tissue at various times after administration. The results of the analysis are shown in Table 4 . Significantly increased ACNU concentrations were observed not only in tumor tissue but also in the surrounding edematous tissue.
A supplementary case, not included in Tables 1, 2 , and 3, is described to show the difference in tissue ACNU concentration from that in Case 22 because the nature and location of the tumor was homogeneous in both cases. This patient was a 65-year-old woman who was operated on because of right frontal metastatic adenocarcinoma from the rectum. She had a fight frontal lobectomy with intra-arterial administration of 2 mg/kg ACNU without BBB opening. During the operation, metastatic tumor tissue (Fig. 2 right) and surrounding edematous tissue were taken in the same manner as in Case 22. The analytical results of ACNU concentration in tumor tissues and peritumoral tissues are shown in Table 4 . Uptake of ACNU by tumor tissue seemed to be higher than in the surrounding tissue in this case.
Discussion
In terms of tissue concentration of the parent form of ACNU in human malignant brain tumors, intraarterial administration with and without BBB modification has clear superiority over the intravenous route. No differences in ACNU levels in blood were demonstrated between the two intra-arterial methods. To compare the intravenous route with the intra-arterial route, we measured ACNU by HPLC instead of measuring active deoxyribonucleic acid-bound ACNU. However, Shigehara, et al., 22 reported a significant correlation between ACNU in blood and tissues and active macromolecule-bound ACNU (including active deoxyribonucleic acid-bound ACNU) levels using carbon-14-labeled ACNU in experimental animals. Considering these findings and the limited scope of clinical studies of this type in comparing the influence of routes of injection on ACNU concentration in human malignant brain-tumor tissues and blood, the analytical method used here can be justified and the data and conclusions obtained should be reliable. Table 4 . Left: Case 22. Scan from a 37-year-old man with a right frontal multiple metastatic anaplastic adenocarcinoma from the lung who underwent intra-arterial administration of 3 mg/kg of ACNU after blood-brain barrier (BBB) opening. The ACNU levels in this patient were significantly increased not only in the tumor tissue but also in the surrounding edematous tissue. Right: Scan from a 65-year-old woman (supplemental case described in the text) with a right frontal metastatic adenocarcinoma from the rectum who received 2 rng/kg of ACNU intraarterially without BBB opening. The ACNU levels in tumor tissue from this patient were higher than in the surrounding area.
A critical problem o f brain-tumor chemotherapy is to increase the drug level at the interface between t u m o r and brain tissue. Although the sensitivity of tumors to A C N U or B C N U has been reported to vary significantly from one strain to another, 2-4 it is generally considered to be dose-related, and even a relatively small increase in delivery o f agents might be beneficial. A method to augment A C N U delivery both to t u m o r tissue and to the surrounding areas is by intra-arterial injection of A C N U after BBB modification by means of intraarterial administration o f a hypertonic solution. Neuwelt, et aL, 19-21 reported a clinical benefit when the BBB was opened by 25 % mannitol, with the chemotherapeutic drug administered immediately or 5 minutes later. We adopted this BBB-opening technique for selected patients after obtaining informed consent, using 200 ml of 20% mannitol followed by A C N U injection 10 minutes after BBB opening. Since the degree of BBB opening is reported to correlate with the concentration of mannitol and time after mannitol injection, 5 our protocol is presumed to be slightly more moderate than that of Neuwelt, et al. However, A C N U delivery to t u m o r tissue in the presence o f mannitol was significantly increased over intra-arterial injection without BBB modification and, in a case of anaplastic adenocarcinoma (Case 22), A C N U in peritumoral tissue was also significantly elevated after BBB opening.
Further studies, including more extensive study of the tissue surrounding the tumor, and long-term clinical follow-up monitoring are m a n d a t o r y to demonstrate the advantages o f the treatment used in Group III over that used in G r o u p II. In this clinical study, it was not 0.4 * The patient in Case 22 had a metastatic anaplastic adenocarcinoma from the lung. He received 3 mg/kg of ACNU intra-arterially with blood-brain barrier (BBB) opening, and the patient in the supplementary case described in the text had a metastatic adenocarcinoma from the rectum. She received 2 mg/kg of ACNU intra-arterially without BBB opening. Tissue levels of ACNU were assessed at various times after injection. For further description of the two cases see text and possible to obtain large samples o f tissue surrounding the tumor. In evaluating the use o f chemotherapy with BBB opening for brain tumors, the neurotoxicity resulting from the increased delivery o f chemotherapeutic agents must be considered although resistance of normal brain to B C N U or A C N U may be stronger than the reported resistance of 9L tumor cells to these drugs. 3'4 For this reason the use o f chemotherapy with BBB opening should be limited to patients with metastatic brain tumors, primary malignant lymphomas, and recurrent diffuse malignant gliomas, and to patients who need a reduction o f the systemic dose because o f myelotoxicity. 10.17-21
In conclusion, intra-arterial administration of A C N U is useful for treatment o f h u m a n malignant brain tumors for four reasons: 1) the lack o f alcohol-related toxicity to vision; 2) the ease o f suspending the agent without causing vascular pain or toxicity; 3) the rapid biological half-life and rapid tissue distribution; and 4) the significant increase in A C N U delivery to malignant brain-tumor tissue c o m p a r e d to the intravenous route. A definite conclusion will require further cumulative studies in cases o f brain t u m o r s o f homogeneous location, type, and histology.
